A high-resolution infrared absorption study of the localized vibrational modes ͑LVM's͒ of oxygen in isotopically enriched 28 Si, 29 Si, and 30 Si single crystals is reported. Isotope shifts of LVM frequencies from those in natural Si are clearly observed not only due to the change of the average mass in the nearest-neighbor silicon atoms, but also to the combined effect of the ͑i͒ change in Si masses of the second and beyond nearest neighbors and ͑ii͒ change in the lattice constants of the host Si crystals. These conclusions have been drawn based on a direct comparison between the experimental results and theoretical calculations assuming harmonic potentials for localized vibrations of oxygen. However, the LVM linewidths of the A 2u mode in the enriched samples are much narrower than those in natural Si, despite the fact that the harmonic approximation predicts very little dependence of the width on the host Si isotopic composition. This observation suggests that both anharmonicity and inhomogeneous broadening due to isotopic disorder are playing important roles in the determination of oxygen LVM linewidths. Moreover, a new series of oxygen LVM peaks is observed clearly in the isotopically enriched samples thanks to the small degree of mass disorder.
I. INTRODUCTION
A wide variety of novel isotope effects have been discovered recently, [1] [2] [3] [4] [5] thanks to the availability of high-quality bulk Si crystals with controlled isotopic compositions. 6, 7 In contrast to well-behaved isotope effects on phonons in Si crystals with relatively mixed isotopic compositions, 2 unpredictable isotope effects have been discovered more recently in nearly 100% monoisotopic Si crystals. [3] [4] [5] With respect to the results obtained with natural silicon ͑hereafter nat Si), which has the isotopic composition 28 Si ͑92.23%͒, 29 Si ͑4.67%͒, and 30 Si ͑3.10%͒, a dramatic increase in thermal conductivity, 3 a significant narrowing of the impurity bound exciton luminescence peaks, 4 and absence of acceptor ground-state splitting 5 have been found unexpectedly when the enrichment of 28 Si exceeded 99.98%. Similarly, a surprisingly large isotope effect on hydrogenic impurity levels has been reported for isotopically enriched diamond. 8 The present paper reports another intriguing isotope effect on the localized vibrational mode ͑LVM͒ of oxygen in silicon.
Because of its technological importance, the behavior of oxygen in silicon has been studied extensively. 9 As a result, rich physics associated with the localized motion of light impurities embedded in a relatively heavy host matrix 10 has been revealed using oxygen in silicon as one of the ideal examples. An oxygen atom in silicon tends to exist as an interstitial defect between two silicon atoms in the ͗111͘ direction as shown in Fig. 1 . [11] [12] [13] [14] [15] Ab initio calculations have shown the bond lengths of Si-O to be 1.59 Å, with the most probable Si-O-Si bond angle 172°. 16 An interstitial oxygen atom has 2 equivalent nearest-neighbor Si atoms, 6 equivalent second-nearest-neighbor Si atoms, 18 equivalent thirdneighbor Si atoms, and so on. In the framework of the harmonic approximation, frequencies of LVM's of oxygen in silicon are determined by the local structures and masses ͑i.e., isotopes͒ of vibrating oxygen and neighboring Si atoms. In many cases the isotope shifts of the spring constants k and K of Si-O and Si-Si bonds, respectively, are small enough to be ignored. Therefore, isotope substitution of the oxygen centers with 16 O, 17 O, and 18 O, which changes exclusively the mass of vibrating species, has been useful in the past for experimental understanding of the LVM of oxygen in silicon. Moreover, the discovery that the LVM linewidth of 17 O is a factor of 1.5 larger than those of 16 O and 18 O in nat Si has suggested strongly that the interaction between Si phonons and oxygen LVM's determines the lifetime of the oxygen LVM's in silicon. 14 In order to understand the interaction between the bulk Si isotopes and vibrating oxygen atoms, two factors must be considered separately: ͑i͒ the energy dependence of the multiphonon emissivity, which is determined mainly by the average mass of the constituent Si isotopes, and ͑ii͒ disorder in Si masses ͑disorder in the Si isotope distribution͒, which arises from the copresence of 28 Si, 29 Si, and
30
Si isotopes. While the larger linewidth of 17 O is most likely due to the former effect, the effect of isotopic disorder is predicted to be negligibly small within the framework of the harmonic approximation, as we will show later. As a result, the LVM linewidth is believed to be determined solely by the relation between the LVM frequency ͑which depends on the masses of the oxygen and neighboring Si atom͒ and the emissivity of Si phonons. However, recent pump and probe measurements of the oxygen LVM in nat Si revealed an LVM lifetime of 229 ps, which translates to a width of 0.023 cm Ϫ1 ͑Ref. 17͒; i.e., the linewidths measured in the absorption measurement are likely to be inhomogeneously broadened.
The present paper reports on the surprisingly large effect of Si isotopic mass disorder on oxygen LVM's, which cannot be explained very well by the harmonic approximation, but clearly is one of the main origins for the line broadening observed previously.
II. EXPERIMENTAL PROCEDURES
Similar to the recent experiments on oxygen LVM's in isotopically controlled Ge, 18, 19 the present work has investigated LVM's of oxygen in Si samples with controlled isotopic composition. Isotopic composition and oxygen concentration ͓O͔ of four samples investigated are listed in Table I , and the signal-to-noise ratio was improved by co-adding 200 spectra.
III. RESULTS AND DISCUSSION

A. Assignment of modes to experimentally observed oxygen absorption lines
Previous studies have revealed that the interstitial oxygen has three major vibrational modes: A 2u , A 1g , and twodimensional low-energy anharmonic excitation ͑2D LEAE, which has been also known as the low-frequency mode or 29-cm Ϫ1 mode͒. 15 In most cases, experimentally obtained data have been analyzed using a model composed of the vibrating oxygen and its two nearest-neighbor Si atoms ͑Si-O-Si units͒ embedded in a homogeneous background of Si with the average masses determined by the isotopic abundance of nat Si ͑Refs. 10, 15, 20, and 21͒; i.e., the isotope shifts of the LVM frequencies have been calculated successfully for a variety of units such as 23 The absorption line measured at 1207.7 cm Ϫ1 is probably irrelevant to oxygen LVM's since its amplitude does not follow the characteristic temperature dependence as shown in Fig. 2͑b͒ are most likely due to the A 2u ϩA 2u combination since the values of isotope shifts are just twice as large as those due to the single A 2u mode. The isotope shift would be much larger if the 2260-cm Ϫ1 series is associated with the A 1g mode. These lines are observed clearly thanks to the small degree of mass disorder in our isotopically enriched samples. Figure 4 shows the temperature dependence of the ''A 2u ϩA 2u '' combined mode in SI-30. The peak at 2241.9 cm Ϫ1 grows with increasing temperature. The value difference of 16.5 cm ͒. Then, from the experimentally obtained data, the peak measured at 2258.4 cm Ϫ1 must be due to the combined transition of ͉0,0,0,0͘-͉0,0,1,0͘ and ͉0,0,0,0͘-͉0,0,1,0͘ and the peak measured at 2241.9 cm Ϫ1 due to the combined transition of ͉0,Ϯ1,0,0͘-͉0,Ϯ1,1,0͘ and ͉0,Ϯ1,0,0͘-͉0,Ϯ1,1,0͘ in SI-30. However, we do not understand the reason why only such transitions were obtained since they are not allowed by the selection rule reported in Ref. 21 . The LVM peaks observed in the present study ͑italic font͒ with those observed previously are summarized in Table III .
B. Host Si isotope effect on the oxygen LVM energy
We shall now discuss a very small peak position shift of ϳ0.07 cm Ϫ1 for the A 2u mode ͑the transition from ͉0,0,0,0͘ to ͉0,0,1,0͒͘ of the 28 Si- Si isotopes in SI-nat and SI-29 to be the same because the masses of the first neighbors predominantly determine the energy of the oxygen vibration. However, the peak position shifts as shown in Fig. 5 possibly due to two independent effects. One is the effect of the change in masses of the second and beyond nearest-neighbor silicon atoms to the vibrating oxygen. Those in SI-29 are mostly 29 Si, while those in SI-nat are mostly 28 Si isotopes. Calculations based on the linear chain model described above predict a shift of approximately 0.02 cm
Ϫ1
. Figure 6 shows the amplitude of the displacement of each atom in our linearchain calculation. For the case of the A 2u mode, the second- nearest-neighbor Si atoms are clearly displaced: i.e., isotope substitution of the second neighbors should shift the LVM frequency. Although a much larger effect of the second and beyond nearest neighbors is expected for the A 1g mode as seen in Fig. 6 , we could not observe A 1g -related absorption lines experimentally due to the insufficient thickness ͑Ͻ1 mm͒ of our sample. We suggest that the origin of large isotope shifts of the A 1g mode and the A 1g ϩA 2u combined mode discussed in Refs. 14 and 21 may be due to the second and beyond nearest neighbors. In order to observe the effect of the second and beyond nearest neighbors on impurity LVM's, one has to select carefully the mass of the localized impurity and host semiconductors. For example, a hydrogen atom is so much lighter than the host Si atoms that its vibration is strongly localized, and the second-nearest Si atoms are not displaced at all. On the other hand, when the masses of the impurity and host atoms are too close, localization of the impurity vibration does not occur. For the case of oxygen in Ge, the mass difference is very large, and the shift attributed to the effect of the second and beyond nearest neighbors is only of the order of 0.010 cm Ϫ1 ͑Ref. 24͒. To our knowledge, the LVM of O in Ge and B in GaP ͑Ref. 25͒ are the only other examples that show the possible effect of the second and beyond nearest neighbors. Another possible origin of the shift is the isotope effect on the host silicon lattice constant. The fractional change of the lattice constant ⌬a/a ϭϪ3.0ϫ10 Ϫ5 has been reported for Si when passing from 28 Si to 29 Si at 30 K. 26 The LVM peak shift of ⌬ ϭ0.065 cm Ϫ1 is estimated from the relation ⌬ ϭϪ3␥ ⌬a/a, where ϭ1136.4 cm Ϫ1 is the value of A 2u and ␥ϭϪ0.64 is the Grüneisen parameter associated with the A 2u LVM reported in Ref. 27 . The changes in the masses of the second and beyond nearest neighbors and in the host Si lattice constant both explain the observed shift of ϳ0.07 cm Ϫ1 for the A 2u mode of the 28 Si- 16 O-29 Si configuration. Further investigations are necessary in order to separate these very interesting effects.
C. Isotope effects on the linewidth of oxygen LVM's
Up to here, we have successfully applied the harmonic approximation to explain the Si isotope shifts of the oxygen LVM frequencies. However, we shall now demonstrate the breakdown of the harmonic model especially when it comes to the linewidths of the oxygen LVM's. Figure 7 shows the absorption lines of the ͉0,0,0,0͘-͉0,0,1,0͘ excitation recorded with SI-nat, SI-28, SI-29, and SI-30 samples. The full widths at half maximum ͑FWHM͒ are 0.58, 0.40, 0.23, and 0.30 cm Ϫ1 for SI-nat, SI-28, SI-29, and SI-30, respectively. Note that the amplitude of the peak at 1134.4 cm Ϫ1 in SI-29 we discussed in Fig. 5 is much smaller than that of the strongest peak at 1132.5 cm
Ϫ1
: i.e., it is not evident in Fig. 7 . First, we concentrate on comparing the results for SI-nat and SI-28. Since the average masses of the Si isotopes are very similar, we expect the phonon density of the states of these two samples to be the same. Therefore, the narrowing of the width in SI-28 with respect to that of SI-nat must not be due to the change in the phonon density of the states. The remaining possibility is the degree of the Si mass disorder, which is larger in SI-nat than in SI-28. In an attempt to reproduce theoretically the difference in the linewidths, we have calculated the full matrix elements of the oxygen LVM's for the three-dimensional structures shown in Fig. 1 with appropriate harmonic bond strengths k and K using the method employed in Ref. 15 . However, we find a difference of only 0.02 cm Ϫ1 , which is factor of 10 smaller than the difference 0.18 cm Ϫ1 found by experiment. Therefore, we conclude that anharmonicity is playing an important role, together with differences in the degree of mass disorder. Moreover, further narrowing of the peaks in SI-29 and SI-30 is observed and it may be due to the combined effect of changes in the phonon density of the states ͑i.e., how easy it is for oxygen to relax via emission of lattice phonons͒ and isotope disorder. In the case of the A 2u mode ͑1136.4 cm Ϫ1 in SI-nat, leading to a slower decay of oxygen vibrations, and in part due to the less Si mass disorder in the isotopically enriched SI-29 than in SI-nat, leading to less inhomogeneous broadening of the peak. Further investigations are needed clearly in order to fully understand the relation between the shift of oxygen LVM and the combined phonon density of states, both of which shift to lower wave numbers on passing from 28 Si to 30 Si. Our experimental results, however, suggest clearly that the enrichment of 29 Si isotopes towards 100% will sharpen the line beyond 0.23 cm Ϫ1 because of the surprisingly large contribution of the isotopic mass disorder to the width of the oxygen A 2u mode in silicon.
One note of concern is the effect of carbon on the linewidth of oxygen LVM's. The linewidth of oxygen LVM's in Si crystal is strongly sensitive to the carbon concentration since the carbon atom has a tendency to reside at the second nearest neighbor to the oxygen atom to form a carbonoxygen complex. 22 The LVM peaks of carbon-oxygen complexes were observed in SI-29 and SI-30, though the LVM of isolated carbon was below the detection of limit of our system: i.e., the carbon concentration should be much less than 10 17 cm Ϫ3 . The oxygen LVM peak may be changed if it were not for carbon in SI-29 and SI-30 samples.
IV. CONCLUSIONS
We have investigated the localized vibrational modes of oxygen in isotopically enriched 28 Si, 29 Si, and 30 Si, single crystals. Isotope shifts of LVM frequencies from those in natural Si are clearly observed, and assignments of modes are given consistently to most of the peaks observed in this study. We have shown that the change in Si masses of the second and beyond nearest neighbors and the change in the lattice constants of the host Si crystals together play important roles in the determination of the oxygen LVM peak positions in silicon. The LVM linewidths of the A 2u mode in the enriched samples are found to be much narrower than those in natural Si. This observation suggests that the oxygen LVM linewidth is determined by both anharmonicity and inhomogeneous broadening due to isotopic disorder.
